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In recent years, considerable interest has been
manifested in the thermal inactivation of animal
viruses (Friedman and De Berry, 1959; Lehmann-
Grube and Syverton, 1959; Youngner, 1957;
Woese, 1960). Apart from the practical aspects,
studies of the temperature sensitivity of virus
particles offer a natural step in the analysis of
their physicochemical properties (Gard and
Maal0e, 1959) and, as such, may enhance our
knowledge of the component parts of virus,
namely, protein and nucleic acid.
The reaction characterizing the thermal

inactivation of animal viruses usually follows
first-order kinetics, but in some cases it has been
found that the inactivation process proceeds in
a two-component fashion (Bachrach et al.,
1957; Kaplan, 1958). The characteristic features
*of animal virus thermal inactivations has been
summarized by Woese (1960); the kinetics of
the process at low temperatures involve one
component; at high temperatures two com-
ponents are manifested, each of first-order, with
different- values for the heat of activation of the
processes. Studies with vaccinia virus, however,
indicate that the shape of the inactivation curve
at high temperatures may be of either one or two
components, depending on the nature of the
virus preparation or condition of virus storage
prior to heating (Woodroofe, 1960). It appears,
therefore, that the complexity of thermal inac-
tivation of animal viruses is compounded further
by certain pretreatment conditions of the virus.

Although variola virus is antigenically related
to vaccinia virus, and may be assayed by a
comparable, quantitative method (the inocula-
tion of the chorioallantoic membrane of em-
bryonated eggs), little is known of the reaction
of variola virus to heat inactivation.

This report describes an attempt to charac-
terize the thermal inactivation of variola virus
and to determine the influence of certain factors
on the reaction, i.e., suspending media, dilution
of virus, and condition of virus storage.

MATERIALS AND METHODS

Virus preparation. The Yamada strain, as
representative of variola virus, was used in the
form of 20% chorioallantoic membrane suspen-
sion of the sixth egg passage. The history of the
strain and the procedure employed for prepara-
tion of virus pools have been described pre-
viously (Hahon, Ratner, and Kozikowski, 1958).
Samples of virus suspension were stored at
-60 C in an electrically operated freezer.
Virus inactivation procedure. Depending on

the nature of the experiment, vials containing
10 ml of either phosphate buffered saline pH
7.4, heart infusion broth (Difco) pH 7.4, 10%
skim milk (Difco) pH 7.4, or 0.85% saline, pH
4.5, were warmed to the desired temperature
and then seeded with 0.1 ml of an appropriate
dilution of virus. The seeded vials were immersed
in a water bath capable of holding the tempera-
ture constant to within ±t0.2 C. Immediately
thereafter, 1.0 ml of suspension was removed
from each vial; this served as a 0-min sample.
Generally, at designated intervals of 15 min,
a 1.0-ml sample was withdrawn from a vial and
placed in an ice bath for subsequent assay.

Virus assay procedure. At the termination of
an experiment, the viral content of samples was
assayed as follows: Serial 10-fold dilutions
ranging from 10-1 to 10-5 were made in heart
infusion broth which contained 500 units of
penicillin and 100 mg of streptomycin per ml.
Undiluted samples or appropriate dilutions in
0.1-ml volumes were inoculated on the chorioal-
lantoic membrane of 11- to 12-day embryonated
eggs which had been prepared earlier for this
route of injection (Hahon, Louie, and Ratner,
1957). Eight to 10 eggs were inoculated per
dilution and incubated at 35 C for 72 hr. Har-
vested membranes were examined for pocks,
and the number of infectious units per ml of
test sample was calculated from the pock counts
(Hahon et al., 1958).
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RESULTS

Rates of inactivation of virus at different tem-
peratures. Each of 8 vials containing 10 ml of
warmed saline, pH 4.5, were seeded with 0.1 ml
of a 10-2 dilution of variola virus. Pairs of vials
were immersed in water baths of different tem-
peratures, and samples were withdrawn and
assayed as described previously. The effect of
different temperatures on the thermal inactiva-
tion of variola virus is shown in Fig. 1. Within
the limits of assay and replication, the data fit
straight lines, indicating that the destruction
of virus is exponential with the rate of the re-
action dependent on temperature. Accordingly,
the specific reaction rates were calculated from
the equation for a first-order reaction

VC -kI- e 2

in which Vo is concentration of active virus at
time zero, V1 is concentration of active virus at
time t (minutes of incubation at given tempera-
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Fig. 1 Thermal inactivation of variola virus
at different temperatures in saline pH 4.5; (X)
40 C, (O) 45 C, (A) SOC, and (0) 55GC.

TABLE 1
Reaction rate (k) and virus half-life (t412) for the

inactivation of variola virus at different
temperatures in saline, pH 4.5

Temp K 11 / 2

c min1l ?min
40 5.7 X 10- 12.1
45 9.6 X 10-2 7.1
50 1.8 X 10-1 3.8
55 3.5 X 10-l 2.0

ture, C), and K2 is the rate of inactivation of
virus at given temperature, C (min-'). The reac-
tion rates are given in Table 1.
The reaction rate as a function of the absolute

temperature is expressed according to the Eyring
theory of absolute reaction rates (Glasstone,
Laidler, and Eyring, 1941). The Eyring equation,
relating the reaction rate constant, k, to thermio-
dynamic parameters is

KT -AH AS
h RT R

where K is Boltzmann's constant, T is absolute
temperature, h is Planck's constant, R is the
gas constant, and AH and AS are, respectively,
the heat and entropy of activation for the process.
As shown in Fig. 2, AH may be obtained by

the Arrhenius plot in which the natural logarithm
of the k values (loge k), derived from the data
in Fig. 1, is plotted against the reciprocal of the
absolute temperature (1/T). A straight line is
formed of which the slope -AHIR provides a
value for AH of 28,000 calories per mole. A large
positive value of this order has been noted for
protein denaturation, a fact which suggests
that the thermal inactivation of variola virus
results from denaturation of virus proteins.
By appropriate substitution in the equation for
absolute reaction rates, an entropy (AS) value
of 25.1 calories per mole per C was obtained. In
the inactivation of enzymes and the denaturation
of proteins, it is common to find values of AS of
the order of 10 to 100 calories per mole per degree
(Pollard, 1953).
The half-life (t1/2) of the virus at each tem-

perature may be determined either by inspection
of Fig. 1 or by substitution in the equation

0.69k

610 [VOL. 81



THERMAL INACTIVATION IN VARIOLA VIRUS

I.0

.Iz

-

0

CD
0

(9
-1

304 308 &12 3J6
'e X 1o3

320

1.51

0.21

40 45 50 55
TEMPERATURE, C

Fig. 2 (left). Relationship between the specific reaction rate for the inactivation of variola virus and
absolute temperature according to the Arrhenius plot.

Fig. 3 (right). Relationship between the half-life (T1/2) of variola virus and temperature.

in which k is the rate of reaction at a given
temperature condition. Values of t1/2 for variola
virus at different temperatures are given in
Table 1. It is evident that increases in the re-

action rates result in decreases of the virus half-
life. From the data, it is possible to interpolate
the half-life at temperatures between 40 and
55 C when the logarithm of the t1/2 values in
Table 1 are plotted against temperature (Fig. 3).
A reasonable straight line is formed from which
the half-life of the virus may be determined
within the intervening temperatures.

Influence of suspending fluid on inactivation
curves. The results in Fig. 4 reveal that the
inactivation of variola virus is affected by the
media in which it is suspended for testing. The
inactivation process appeared to be linear with
all three suspending media, but the rates of the
reaction were different. Skim milk, heart infusion
broth, and phosphate buffered saline, in the order
of listing, showed the greatest capacity to protect
the virus from the effects of heat.

Different dilutions of virus and reaction rate.
It has been observed that the initial concentration
of the hemagglutinin of influenza virus affected
the reaction rates (Miller, 1944; Lauffer and
Carnelly, 1945); the rate of inactivation varied
inversely with initial concentration. Accordingly,
the effect of different initial dilutions of variola

MINUTES

Fig. 4. Reaction rates of variola virus at 50 C
in different suspending fluids of pH 7.4; (0) 10%
skim milk, (0) heart infusion broth, and (X)
phosphate buffered saline.
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TABLE 2
Reaction rate (k) for the inactivation of variola virus

of different initial dilutions at 45 C
in saline, pH 4.5

Dilutilon Virus Concn k

I u/ml1
10-2 5.0 X 104 2.0 X 10-
103 5.0 X 103 2.5 X 10-2
10-4 5.0 X 102 5.7 X 10-

* Infectious units.

tions may affect, similarly, the inactivation
curve of variola virus was determined by sub-
jecting a preparation of virus that had been
stored at -60 C and one that had been held at
4 C for 1 week to a temperature of 56 C. Both
virus preparations were diluted 1:10 for testing.
Results depicted in Fig. 5 were similar to those
described by Woodroofe (1960) for vaccinia
virus; a first-order reaction was noted with
variola virus stored at -60 C; a two component-
curve was found with virus stored at 4 C.

DISCUSSION
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Fig. 5. Effect of storage at -60 C (4
(X) on the inactivation curve of vario
56 C in phosphate buffered saline (pH I

virus on the reaction rate was deterri
results in Table 2 indicate that the rel

was higher with dilute suspensions
with more concentrated suspensions of

Effect of storage of virus on inactiva
At temperatures between 50 C and
heat inactivation of an antigenicall
pox-virus (vaccinia) was reported to
two component reaction (Kaplan, 1958
investigation of this phenomenon
that the reaction was dependent on t
condition of preparations of vaccinia v
to heating, virus stored at 4 C or -

inactivated in a two component or

ponent manner, respectively (Woodro
The possibility that different storl

The data presented in this report indicate
that the thermal inactivation of variola virus
between the temperatures of 40 C and 55 C
follow first-order kinetics. Rates of the reaction
were influenced by the suspending media and
appeared to be affected by the initial dilution of
virus. Although the effect of the latter was in
agreement with studies cited previously regarding
the effect of initial concentrations of the hemag-
glutinin of influenza virus on the inactivation
rate (Miller, 1944; Lauffer and Carnelly, 1945),
the possibility should be considered that a loss
of native egg protein, by dilution of the virus
suspension, may be a contributing factor affecting
the reaction rate. This aspect of the experiment
was not investigated further.

J
, Although the shape of the reaction curve was

75 90 independent of the range of temperature em-
ployed (Figs. 1 and 4), it appeared to be de-

D) and 4 C pendent on the condition of virus storage prior
la virus at to heating (Fig. 5). Inactivation curves obtained
7.4). with a suspension of variola virus stored at -60

C and a suspension of virus held at 4 C for 1
iined. The week and then subjected to 56 C gave results
action rate similar to those described by Woodroofe (1960)
and lower with vaccinia virus; a first-order reaction was
virus. noted with virus stored at -60 C, whereas a
rtion curve. two component inactivation curve was obtained
60 C, the with virus stored at 4 C. Additional findings
ly related with vaccinia virus indicated that the inactiva-
involve a tion curve was affected by the concentration of

3). Further stored virus; a diluted suspension of virus stored
suggested at 4 C was inactivated at 50 C in a one component

;he storage manner, but concentrated virus held at 4 C and
rirus; prior diluted prior to heating exhibited a two com-
-60 C was ponent curve (Woodroofe, 1960). This suggests
one com- that during storage of concentrated suspensions

ofe, 1960). of virus in the liquid state, some physical or
age condi- chemical change occurred which greatly in-
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creased the heat stability of a small proportion
of the viral particles. Obviously, this explanation
does not account for the nature of the mechanism
by which stored viral preparations are affected
and may not serve to explain the fact that two
component inactivation curves were noted with
poliovirus (Youngner, 1957) and with foot-and-
mouth disease virus (Bachrach et al., 1957) which
had been stored before heating at -20 and -40
C, respectively.
The AH value of 28,000 for variola virus

reported in this study compared favorably with
the range of AH of 20,000 to 90,000 for vaccinia
virus, an antigenically related poxvirus (Kaplan,
1958). The meaning of the thermodynamic
quantities AH and AS is questionable when
dealing with large and complex units like virus
particles. The difficulties and pitfalls encounitered
in trying to interpret AH and AS have been
reviewed by Pollard (1953). In this report, the
meaning of these quantities serve as constants
characterizing the thermal inactivation reaction.
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SUMMARY

Varied reaction rates at different temperatures
(40 to 55 C) were demonstrated for the thermal
inactivation of variola virus which were found
to follow first-order kinetics. The rate of reaction
was affected by different suspending media and
appeared to be influenced by the initial dilution
of virus. Storage of virus prior to heating at 56 C
was found to affect the inactivation curve; a
first-order reaction was noted with virus stored
at -60 C, but a two component curve was
observed with virus stored at 4 C for 1 week.
The heat of activation (AlH) and entropy

(AS) were 28,000 calories per mole and 25.1
calories per mole per C, respectively.

REFERENCES

BACHRACH, H. L., S. S. BREESE, JR., J. J. CALLIS,
W. R. HESS, AND R. E. PATTY 1957 Inacti-
vation of foot-and-mouth disease virus by pH
and temperature changes and by formalde-
hyde. Proc. Soc. Exptl. Biol. Med., 95,
147-152.

FRIEDMAN, M., AND P. DE BERRY 1959 Thermal
differentiation of the adenovirus complement
fixing antigens. J. Immunol., 82, 535-541.

GARD, S., AND 0. MAAL0E 1959 Inactivation of
viruses. In The Viruses, vol. 1, pp. 359-427.
Academic Press, Inc., New York.

GLASSTONE, S., K. LAIDLER, AND H. EYRING
1941 The theory of rate processes. McGraw-
Hill, Book Co., Inc., New York.

HAHION, N., R. LOUIE, AND M. RATNER 1957
Method of chorioallantoic membrane inocula-
tion which decreases nonspecific lesions.
Proc. Soc. Exptl. Biol. Med., 94, 697-700.

HAHON, N., M. RATNER, AND E. KoZIKOWSKI
1958 Factors influencing variola virus growth
on the chorioallantoic membrane of embryo-
nated eggs. J. Bacteriol., 75, 707-712.

KAPLAN, C. 1958 Heat inactivation of vaccinia
virus. J. Gen. Microbiol., 18, 58-63.

LAUFFER, M. A., AND H. L. CARNELLY 1945
Thermal destruction of Influenza A virus
hemagglutinin. I. The kinetic process. Arch.
Biochem., 8, 265-274.

LEHMANN-GRUBE, F., AND J. T. SYVERTON 1959
Thermal stability of ECHO viruses in cell
culture medium. Am. J. Hyg., 69, 161-165.

MILLER, G. M. 1944 Influence of pH and certain
other conditions on the stability of the infec-
tivity and red cell agglutinating activity of
influenza virus. J. Exptl. Med., 80, 507-520.

POLLARD, E. C. 1953 Thermal inactivation of
viruses. In The physics o.f viruses, pp. 103-121.
Academic Press, Inc., New York.

WOESE, C. 1960 Inactivation of viruses. Ther-
mal inactivation of animal viruses. Ann. N.
Y. Acad. Sci., 83, 741-751.

WOODROOFE, G. M. 1960 The heat inactivation
of vaccinia virus. Virology, 10, 379-382.

YOUNGNER, J. S. 1957 Thermal inactivation
studies with different strains of poliovirus.
J. Immunol., 78, 282-290.

6131961]


